Abstract: A sensor for biomedical markers based on a split ring microwave resonator (SRR) was developed. The surface of the microwave resonator is covered with receptors that specifically bind to the target proteins where the local permittivity is changed. The resonator is part of a microwave oscillator circuit. Changes in the local permittivity caused by coupling of the target proteins result in a change of oscillator frequency which can be easily and accurate measured with high sensitivity.
Introduction
Nowadays split ring resonators (SRRs) are mainly used in meta-material research. The problem of low coupling of natural materials to the magnetic field of electromagnetic waves can be overcome by using metamaterials that mimic magnetism at high frequencies. For the microwave range, a recipe was suggested by Pendry in which he predicted that a pair of concentric split-ring resonators (SRRs) with subwavelength dimensions and facing in opposite directions would give rise to an effective permeability different than unity [1] . The magnetic response (which is due to electronic spin states) in naturally-occurring materials diminishes at frequencies higher than a few gigahertz. Moreover, there are no free magnetic monopoles, and thus it is not feasible to obtain a magnetic plasma as we can accomplish with electrons. Therefore, it is indeed a challenging issue to achieve any magnetic response in the microwave frequencies and higher, let alone more extreme values like negative permeability. Recently, however, the emergence of metamaterial research has fundamentally altered the situation. In metamaterials that consist of artificial subwavelength structures with tailored properties, the magnetic response is not limited anymore to the electronic spin states of individual atoms. Instead, magnetism can be achieved even in optical frequencies by specially designed "meta-atoms"-functional units of the metamaterial that are smaller than the wavelength. Therefore, artificial magnetism is possible in metamaterials as long as the magnetic field component of the incident electromagnetic wave can interact effectively with the "meta-atoms" [2] . This kind of structures forming artificial atoms is well suited for sensor applications because of its strong interaction with electromagnetic fields and its achievable high quality factor Q.
Biosensor Based on High Q Microwave SRRs
A biosensor based on microwave split ring resonators is introduced. A microwave oscillator which is nearly independent from the impedance of the load and the termination network was designed and simulated. In principle, the biosensor will consist of two identical SRR structures which are connected to two independent microwave oscillator circuits (Figure 1a) . One of the SRRs will be used for sensing the other one is the reference SRR. The oscillator signals are mixed and low pass filtered where the difference frequency will be proportional to the amount of target molecules. The sensing layer is inject printed onto the gold surface of the SRR and allows therefore a costless and easy adaptable sensor design [3] .
The response of a metallic ring to the external magnetic field is purely inductive and non-resonant. To introduce resonance behavior and enhance the magnetic response, capacitance can be purposely introduced by a gap in the ring structure. A gap in the metallic ring prevents the formation of a complete circular current, and electric charges accumulate across the gaps. In a single SRR, the accumulated charges around the gap induce an electric dipole moment, which overshadow the magnetic dipole moment by accurate design. With both capacitance and inductance, the SRR is a resonant element which can be used for resonant sensing applications. A design of a SRR with high quality factor Q was introduced in [4] and is sketched in Figure 1a ,b together with its equivalent circuit. For the simulation of the microwave oscillator, a lumped element equivalent circuit for the SRR was extracted from the measured data. The fit of the equivalent circuit to the SRR measurements was optimized by LMS methods (Figure 1b) . The oscillator circuit (Figure 2a ) was carefully designed and optimized for maximum output power and load independency on the in-and output port which is validated by the simulated in-and output stability circuits (Figure 2b ) where for in-and output impedances laying inside the circles the circuit is potential unstable. The oscillator stability circles cover at resonance frequency nearly the whole impedance spectrum of the SRR and therefore the impedance of the load network (SRR) and the impedance of the termination network will not influence the instability of the oscillator. The oscillator was designed with a low noise silicon bipolar RF transistor BFP540 in common-base configuration. A negative resistance of the transistor at the input and output terminal which is necessary for oscillator operation is incorporated by the inductivity L1 connected to the transistor base. The value of L1 was chosen to get a stability factor K < 1 at resonance frequency of the SRR. The value of the output voltage/output power can be optimized by adjusting the value of L1 (Figure 3a) which was simulated using LTSpice [5] . If the inductivity of L1 exceeds 12 nH the oscillation of the circuit stopped because the resonance condition is no longer fulfilled. It was also found out that the harmonic distortion of the oscillator output signal has a dependency on the inductivity L1. With the simulation tool LTSpice a FFT analysis of the output waveform was done which indicates that especially the 3rd harmonic overtone based on its power is relevant for distortion. In Figure 3b the ratio between the fundamental frequency and the 3rd harmonic is given. It is shown, that the ratio P0/P3 is increasing with higher values of L1. Therefore the inductivity L1 should be chosen as large as possible for high output power and low harmonic distortion but with the limitation that the resonance condition is fulfilled for all operating conditions.
To proof the quality of the oscillator circuit and the SRR, the phase noise was measured and is about −90 dBc/Hz for Δf = 10 kHz (Figure 3c ). The output power of the SRR oscillator is about +6 dBm for L1 = 5 nH and a supply voltage of Ub = 4 V.
